The 2018 Nobel Prize in Physics has been awarded jointly to Arthur Ashkin for the discovery and development of optical tweezers and their applications to biological systems and to Gé rard Mourou and Donna Strickland for the invention of laser chirped pulse amplification. Here we focus on Arthur Ashkin and how his revolutionary work opened a window into the world of molecular mechanics and spurred the rise of single-molecule biophysics.
That light can exert force on matter was known to physicists well before it was first experimentally demonstrated in the early 1900s. Light can exert force because it carries momentum, and a change in momentum is always coupled with the application of force. Thus ''radiation pressure'' is the inevitable result whenever light's interaction with matter causes its momentum to change. Such interactions are ubiquitous: every occurrence of light reflection, absorption, refraction, and scattering is accompanied by optical forces. The relative magnitude of these forces, however, is extremely small; even in bright sunlight we do not feel a ''push'' when the sunlight hits us and bounces away. Indeed, it was such a significant experimental challenge to first observe these minute forces that it was difficult to imagine at the time that they could have any earthly relevance, and the field fell into obscurity outside of astronomy and celestial mechanics. Almost a century would pass between those earliest demonstrations of optical forces and the development of the optical trap by Arthur Ashkin, a tool which would yield revolutionary advances in numerous and diverse fields ranging from atomic physics to cell biology.
In the late 1960s, Ashkin was working at Bell Laboratories after earning a PhD in nuclear physics from Cornell University in 1952. The inspiration to reconsider the practicality of radiation pressure came from a back-of-the-envelope calculation of the pushing force that results when light reflects off an object. Ashkin realized that if the light was very intense (say, 1 watt focused to a beam 1 micron wide) and the object was very small (1 micron wide and the same density as water), the object's acceleration would be about a million times the acceleration due to gravity! Or in other words-readily apparent. At the turn of the century, such high radiation fluxes were not attainable inside the laboratory, but by the 1960s the recently-invented laser had brought the ability to generate intense beams of coherent light that could be focused into small areas. Ashkin knew that even moderate light absorption by the target particle could generate problematic heating, so he chose to use transparent latex microspheres suspended in drops of water for his first experiments. Focusing an argon laser into the suspension while observing through a microscope, Ashkin confirmed his deductions: he saw that the spheres were pushed along the direction of the laser beam, moving with a velocity in agreement with his calculated estimations. He also observed something quite surprising: while being pushed forward, the spheres at the periphery of the laser beam were being simultaneously drawn toward the middle of the beam ( Figure 1A ). This additional transverse force drawing neutral particles toward the beam's central axis was unexpected, and unknown to exist before these experiments.
Ashkin determined that the mysterious transverse force was originating from the gradient in optical intensity of the Gaussian-profiled trapping laser. When a ray of propagating light encounters the transparent latex sphere, the light refracts (bends) as it passes into the sphere, which has a higher index of refraction than the surrounding water, then refracts a second time as it exits the sphere and passes back into the water ( Figure 1A) . The resulting light ray is deflected from its original path, and therefore, its momentum has been changed. This imparts a force onto the sphere. In a uniform optical field, the sum of the forces for all such rays encountering the sphere would cancel out, but in a non-uniform field, the forces are stronger where the light is more intense. The result is a net ''gradient force'' that always points in the direction of higher light intensity. Ashkin watched as spheres piled up against the surface of the glass sample cell, pushed there by the optical scattering force and then held ''trapped'' in the beam center by the gradient force, where any thermal excursions of the trapped sphere were met with a restorative optical force directing it back toward the beam's center.
Ashkin published this groundbreaking work in a 1970 paper that was remarkable not just for the novel discoveries, but also his visionary foresight with regards to the potential of optical forces and optical trapping (Ashkin, 1970) . Within, Ashkin described the first acceleration of micron-sized neutral particles using optical forces, discovered the gradient optical force, designed and implemented the first optical trap using two counterpropagating laser beams, and proposed several immediate applications: optical levitation, particle heating, and acceleration in a vacuum; particle size-based sorting and separation, and the potential to accelerate, manipulate, sort, and possibly even trap atoms. In the following years, Ashkin and other groups pursued these applications and discovered many more, but Ashkin's initial focus was on the trapping and cooling of atoms. Though this work is not the focus of the present article, it was undoubtedly important; the 1997 Nobel Prize in Physics would be awarded to Steven Chu, Claude Cohen-Tannoudji, and William D. Phillips for their contributions to laser cooling and trapping methods, and the 2001 Nobel Prize in Physics would be awarded to Eric A. Cornell, Wolfgang Ketterle, and Carl E. Wieman for achieving Bose-Einstein condensation using magneto-optical traps to cool atoms, both enabled in part by Ashkin's discoveries and early efforts.
So it was that in 1986, Ashkin developed the first single-beam gradient optical trap with the original purpose of trapping atoms (Ashkin et al., 1986) . It was decided to first test the device, dubbed ''optical tweezers,'' on submicron silica spheres and then with larger dielectric spheres up to 10 microns in size. (Over the years, the terms ''optical tweezers'' and ''optical trap'' have become synonymous in biological fields, both generally referring to the single-beam gradient trap. We will use the terms interchangeably.) In order to stably trap neutral particles in three dimensions with a single laser beam, a ''backwards'' force must exist to counteract the forward scattering of particles by that portion of the light which reflects off their surface. Ashkin demonstrated that this can be achieved by the gradient optical force, provided a strong enough axial gradient. This requirement was satisfied by directing an argon laser beam into a high-numerical-aperture microscope objective, creating a sharp focal point of intense light, which was once again introduced to a sample of spherical particles suspended in water. Ashkin observed that any sphere that diffused too close to this focal point was rapidly drawn in and strongly trapped. Once again demonstrating his scientific prescience, Ashkin noted that the deliberate application of viscous drag might be used to calibrate the trapping force, and suggested that, in addition to atoms and microspheres, optical tweezers could be used to trap ''colloidal systems, macromolecules, polymers, and biological particles such as viruses.' ' Ashkin indeed went on to demonstrate optical trapping of viruses and then bacteria , in what would be the first application of optical tweezers to biological systems. These early experiments were not without casualties, however, as trapped cells were observed to die or even explode under higher laser powers-an undesirable outcome if one hopes to use optical tweezers to study living systems. This was addressed by switching from the visible light of the argon trapping laser to an invisible infrared laser which exhibits very low absorption, and therefore low heating, by water and biomaterials. With this change, Ashkin et al. were able to trap single bacteria cells for extended time periods without damage, as evidenced by the observation of multiple rounds of mitotic division by optically-trapped cells . Other cells were trapped, including human red blood cells, amoebas, protozoans, and spirogyra algae, and it was also shown that individual vesicles and organelles could be trapped and maneuvered within a cell. This was followed by additional work by Ashkin and Dziedzic exploring the trapping and manipulation of cellular structures and cytoplasm, which were found to exhibit a pronounced viscoelastic behavior (Ashkin and Dziedzic, 1989) . The authors noted at the time that, ''there is essentially no precedent for such a capability in the extensive literature on micromanipulation techniques and measurement of mechanical properties of biological materials. '' This new ability to trap and manipulate microscopic objects like cells and organelles using light was extraordinary, but it was only the beginning for this powerful technology. Today, optical traps not only manipulate single biomolecules like proteins and DNA, they also measure molecular-scale lengths, motions, and forces with exceptional accuracy, precision, and speed. The first measurements of biological forces made by optical tweezers were performed by Block et al., who devised a method to estimate the amount of force generated by the flagella of E. coli and Streptococcus bacteria (Block et al., A ray of light is bent by refraction when it passes through a transparent sphere, and because light carries momentum, this imparts a force onto the sphere. In an asymmetric optical field, the sum of all such rays results in a net ''gradient force'' (F grad ) in the direction of higher light intensity. Ashkin would go on to create the single beam gradient optical trap, or ''optical tweezers,'' using this discovery. Since then, optical tweezers have had widespread impact in diverse biological fields. (B) Svoboda et al. (1993) tracked the motion of an optically-trapped sphere as it was pulled by a single kinesin motor walking along a microtubule. This revealed that kinesin walks along microtubules in 8-nm steps and can generate 5 pN of force. (C) Finer et al. (1994) used a dual optical trap to determine the mechanical results of ATP hydrolysis by a single myosin molecule. They found that each hydrolysis event corresponds to an 11-nm power stroke accompanied by the generation of 3-4 pN of force. (D) Smith et al. (1996) used optical tweezers to study the elastic properties of DNA and the behavior of DNA under high forces. (E) Wang et al. (1998) measured the force generated by RNA polymerase during transcription and studied the motor's behavior under varying mechanical loads.
1989). Shortly after, in one of his last publications before retiring from Bell Laboratories in 1992, Ashkin et al. trapped individual mitochondria within the singlecelled organism Reticulomyxa as they were transported along microtubules by the motor protein dynein and estimated the amount of force dynein was able to generate in order to move its cellular cargo (Ashkin et al., 1990) . This was the first time that force was measured within a living cell, and the first measurement of a translocating motor protein by optical tweezers. Although the future would bring much more sophisticated measurement techniques for optical traps, these were astonishing first steps that helped push the field toward quantitative studies of single-molecule mechanics.
The foundations of our knowledge of cellular and molecular biology come from bulk assays, genetic studies, and structural breakthroughs, but the behaviors of single biomolecules are largely inscrutable to these techniques. Far from inconsequential, the thermal fluctuations and stochastic timings that are characteristic of individual molecular movements carry embedded clues as to their underlying mechanisms and physical principles. Not long ago, the idea that one might observe these behaviors by grabbing, manipulating, and making mechanical measurements on a single cell, a single protein, or a single strand of DNA-using light-was decidedly fantastical. In the 1990's, with science fiction suddenly within reach, the first pioneers set out to explore the rich potential of a burgeoning field.
Two early targets of investigation were the motor proteins kinesin, which transports cellular cargo along microtubules, and myosin, which drives muscle contraction through cyclical movement on actin filaments. Molecular motors transduce the energy released by chemical reactions into mechanical work to produce forces, torques, and movement, and thus optical traps are ideally-equipped to offer unique insight into their properties and behaviors. To study them, researchers began chemically attaching a latex microsphere (bead) to the enzyme of interest or its substrate. The bead could then be trapped and used both as a handle for manipulation and as a reporter particle for measurement. At the time, little was known about these enzymes beyond their ability to generate force. Kuo and Sheetz made the first optical trapping measurements of the force generated by a single kinesin molecule as it moved along a microtubule (Kuo and Sheetz, 1993) . Also studying kinesin, Svoboda et al. developed a method to detect the position of an optically trapped bead via interferometry, unlocking the ability of optical traps to observe detailed nanometer-scale motion of single protein molecules. They found that kinesin walks along microtubules in 8-nanometer (nm) steps and can generate about 5 piconewtons (pN) of force ( Figure 1B) (Svoboda et al., 1993) . Throughout this period, such innovations in optical trapping instrumentation and new scientific discoveries went hand in hand, as optical tweezers matured from a fledgling concept into an advanced scientific instrument. Using a feedback-stabilized dual optical trap, Finer et al. found that an individual myosin molecule exhibits a discrete power stroke which produces about 11 nm of movement and 3-4 pN of force per ATP hydrolysis event ( Figure 1C ) (Finer et al., 1994) . Four years later, Ishijima et al. combined dual optical traps with total internal reflection fluorescence microscopy and observed the mechanical results accompanying the individual steps in ATP hydrolysis by a single myosin molecule (Ishijima et al., 1998) .
While optical tweezers were making breakthroughs in the study of motor proteins, their uses continued to expand into new applications as their capabilities became more powerful and refined. Once optical tweezers could manipulate single molecules while making dynamic force and length measurements, attention soon turned to DNA. A polymer that stretches and deforms under the application of force, DNA's elastic properties are of vital interest because they inform the basis of every biological process tasked with DNA's manipulation. In the first paper studying DNA using optical traps, Smith et al. investigated the elasticity of both single-stranded and double-stranded DNA, as well as an ''overstretching'' transition that occurs in DNA at very high forces ( Figure 1D ) (Smith et al., 1996) . The rigorous understanding of DNA elasticity that emerged from early studies set the stage for optical tweezers to begin probing the translocases which operate on DNA. DNA-based motor proteins perform work within the cell, pulling apart the double helix of DNA during replication and transcription, moving and placing essential proteins along DNA, and modifying DNA packing, DNA supercoiling, and the epigenome. At the time, however, these enzymes were not generally thought of as conventional motors. The first optical tweezers studies of a DNAbased motor protein were performed on RNA polymerase, which copies DNA into RNA during transcription, and surprised the field by showing that RNA polymerase is in fact a very powerful molecular motor. Following their initial work, and with knowledge of DNA's elastic properties, the authors extracted detailed molecular motions and mechanistic insights for RNA polymerase from optical trapping data as the motor transcribed DNA against an applied load ( Figure 1E ) (Wang et al., 1998) .
In the time since the pioneering work of optical tweezers was established, the application of optical tweezers to the study of cellular structures, motor proteins, nucleic acids, and other biomolecules has flourished, providing impactful and often surprising discoveries and cementing the importance of optical trapping in the biological disciplines (Bustamante et al., 2011) . Optical tweezers today are diverse and multidimensional instruments, resolving Angstrom-scale molecular movements, hybridizing with other single-molecule techniques, and exploring new measurement modalities. The angular optical trap, for example, is an extension of the conventional optical tweezers instrument that uses the angular momentum of light to rotate particles and measure torques and is able to measure the torque generated by a motor protein as it unwinds DNA (Ma et al., 2013) . The collective efforts of optical trapping studies over the decades have painted a sharp picture in which force and torque are integral parts of the cellular environment, with the characteristics and regulation of mechanochemical enzymes shaped by the mechanical demands and constraints of their substrates. As in vitro optical trapping assays become increasingly more complex and as optical trapping continues to extend into in vivo studies, there is undoubtedly still much more to come from this powerful and multifaceted tool. In 1905, J. H. Poynting summarized the prevailing belief of his time when he stated that the minuteness of optical forces placed them ''beyond consideration in terrestrial affairs.'' Across two decades of work, Arthur Ashkin changed this paradigm, bringing optical forces to the forefront of science and setting the stage for some of the last century's most important advances in atomic physics, nanophotonics, chemistry, and biology. His demonstration of powerful laser-based optical pushing forces for micron-sized objects, his discovery of the optical gradient force, his invention of the optical tweezers, and his early applications of optical tweezers to biology have spurred the rise of single-molecule techniques and resulted in spectacular advances in the biological sciences. With the ability to manipulate and measure single proteins, nucleic acids, and biomolecules with a beam of light, Ashkin's work took science fiction and made it science, and in doing so, opened a window into the molecular mechanics of life.
